Recent reports showed that thalidomide has anti-angiogenic activity and is effective for the treatment of refractory multiple myeloma (MM). We examined the relationship between the clinical efficacy and adverse effects of thalidomide and the plasma concentrations of this drug as well as angiogenic growth factors in refractory MM. Ten out of twenty-four evaluable patients (42%) showed more than 25% reduction of M-protein, and eight (33%) achieved more than 50% reduction. These changes were associated with restoration of anemia and recovery of normal immunoglobulin level. Somnolence and headache, constipation, peripheral neuropathy and skin rash were frequently observed, but were well tolerated. However, grade 2-4 severe neutropenia was also observed in nine cases. These adverse effects other than neutropenia occurred more frequently in the patients with higher plasma concentrations of thalidomide ( ≥ ≥ ≥ ≥2.0 µ µ µ µg/ml at 12 h after the last administration) and were readily alleviated by dose reduction. In contrast, neutropenia developed regardless of the plasma concentration. Plasma concentrations of angiogenic growth factors were frequently elevated before treatment. After thalidomide treatment, these growth factor levels tend to decrease to near-normal ranges in responders but were still high in most non-responders. After thalidomide treatment, plasma vascular endothelial growth factor (VEGF) level was significantly reduced in responders (P = = = =0.025), but not in non-responders (P = = = =0.37). Reduction of plasma VEGF level might be an important indicator for anti-myeloma effect of thalidomide.
Multiple myeloma (MM) is a hematological malignancy that affects terminally differentiated B-cells or plasma cells. Although MM runs an indolent clinical course at the early stage, MM becomes therapy-resistant and finally fatal within about 3 to 4 years. 1) There has been some improvement in the management of MM, but conventional chemotherapy provides substantially no long-term survival.
2) Several studies showed that high-dose chemotherapy combined with autologous hematopoietic stem cell transplantation offers prolonged overall survival compared with conventional chemotherapy. [3] [4] [5] [6] These treatment modalities could be applied for selected patients with MM, but it is still difficult to treat patients who relapse after stem cell transplantation or who become chemotherapy-resistant.
Thalidomide was first developed as a sedative/hypnotic drug in 1950s. Because of its teratogenicity, this drug was subsequently withdrawn from the market. 7) In 1994, it was reported that thalidomide inhibits basic fibroblast growth factor (FGF-2)-induced angiogenesis, and it was suggested to be a candidate as a new anti-neoplastic agent. 8) Clinical studies of thalidomide for various solid tumors have been widely conducted. [9] [10] [11] Recently, it was also reported that bone marrow microvascular density was significantly increased in the patients with multiple myeloma, and thalidomide has been proposed to have anti-myeloma activity via an anti-angiogenic mechanism. [12] [13] [14] [15] We also found significant elevation of plasma concentrations of FGF-2 and vascular endothelial growth factor (VEGF) in patients with active MM. 16) Recently, several reports have demonstrated the efficacy of thalidomide in 25-58% of refractory multiple myeloma with only minor complications such as somnolence, constipation, peripheral neuropathy or skin rash. 11, [17] [18] [19] [20] However, measurement of microvascular density of the bone marrow in MM failed to demonstrate a significant anti-angiogenic effect, and the precise mechanism of the anti-myeloma effect of this drug remains to be elucidated. 17) Here we report our experience on thalidomide for the treatment of refractory MM. In this study, we tried to cor-relate the clinical efficacy and toxicity of thalidomide with the plasma levels of angiogenic growth factors, as well as the drug. We demonstrated that plasma VEGF level decreased parallel to the clinical response to thalidomide, and the side effects except for neutropenia occurred more frequently in the patients with higher (≥2.0 µg/ml) plasma concentration of the drug.
PATIENTS AND METHODS

Patients
Total twenty-six patients with MM were included in this study and were treated with thalidomide at Keio University Hospital from November 1998 to March 2002. Since two patients received thalidomide treatment only for 4 days because of development of neutropenia, twenty-four patients were evaluated for efficacy of this drug. Mean follow-up time was 44 weeks, and mean treatment time was 19 weeks. Patients' eligibility was as follows: (1) patients whose MM relapsed after hematopoietic stem cell transplantation or those who were resistant to at least two different chemotherapeutic regimens. (2) At least 4 weeks elapsed since the last chemotherapy or radiotherapy. (3) Karnofsky performance status (KPS) was greater than 60. Women who might become pregnant during thalidomide treatment and also the spouses of such women were strictly excluded. Patients were also excluded if they had moderate to severe organ failure (specifically, if serum transaminase or γ-glutamyl transpeptidase (γ-GTP) level was higher than three times the upper limit of normal subjects, or if serum creatinine level was over 3.0 mg/dl), or if they showed severe neurological or psychological disturbance, or if they had cardiac failure or arrhythmia that needed medical interventions. Patients with active infections or positive for hepatitis B and C viruses, human immunodeficiency virus or human T-cell leukemia virus type I were also excluded. Written informed consents were obtained from all patients when they were enrolled in this study. This study was approved by the ethical committee of Keio University School of Medicine. Treatment schedule During treatment with thalidomide, patients were not allowed to receive any chemotherapeutic agents including steroids and radiotherapy. Only supportive therapies including blood transfusion, granulocyte-colony stimulating factor (G-CSF), supplemental γ-globulin and pamidronate disodium were concomitantly used. Thalidomide was supplied by Sociedade Farmaceutic Brasifa Ltda. (Rio de Janeiro, Brazil) or Penn Pharmaceutical Service (Tredegar, UK) in 100-mg tablets. Two hundred milligrams was administered as an initial dose at night to all patients, and if serious adverse effects were not observed for 1 week, the dose was increased to 400 mg and continued as a maintenance dose. If dose escalation was difficult because of adverse effects, patients continued to receive the lower dose of thalidomide. When no response was obtained after at least 4 weeks of treatment or when disease progression was observed after obtaining an initial response, a treatment plan other than thalidomide was considered. Assessment of response Response to thalidomide was evaluated by using the modified Gore's criteria. 21) All responses and stable disease had to be maintained for at least 4 weeks to be counted as a response. The definition of responses was as follows. Complete remission (CR); (1) disappearance of monoclonal spike and urinary BenceJones Protein confirmed at two different time points 2 weeks apart and/or (2) disappearance of plasmacytoma and (3) less than 5% plasma cells in bone marrow and (4) no progression of bone lesion and (5) normalization of anemia and hypercalcemia. Partial remission (PR); (1) more than 25% decrease of serum M-protein level or daily urinary Bence-Jones Protein which was sustained for a month or more and (2) decrease of bone marrow plasma cells and (3) no progression of plasmacytoma and lytic bone lesion, and (4) normalization of serum calcium level. If the decrease of serum M-protein level or daily urinary Bence-Jones Protein was more than 75%, the cases were regarded as PR1; if more than 50%, PR2; and if more than 25%, PR3. No change (NC); (1) less than 25% decrease of M-protein level and (2) no progression of plasmacytoma and bone lesion. Progression of disease (PD); (1) increase of M-protein or bone marrow plasma cells or (2) progression of plasmacytoma or bone lesion. Patients who obtained CR or PR were considered as responders, and those with NC or PD were considered as non-responders. In responders, increase in serum or urine M-protein by more than 25% above the minimum value on at least two occasions was considered as a relapse. Assessment of adverse effects Every patient was admitted to Keio University Hospital or visited our outpatient clinic at least every month, and complete blood cell counts, serum transaminase, serum creatinine, serum calcium, C-reactive protein (CRP), M-protein level, and β2 microglobulin (β2M) were measured. Patients' symptoms were also monitored. Severity of adverse effects was graded according to the National Cancer Institute-common toxicity criteria. The dose of thalidomide was adjusted between 100 mg to 400 mg according to the adverse effects as follows. If grade 2 non-hematologic toxicity occurred, the dose was reduced by one-half. Then, if the toxicity was not improved by dose reduction, the drug was withheld. If white blood cell count was below 2000/µl or neutrophil count was less than 1000/µl, the dose of thalidomide was reduced by one-half, and G-CSF was used if necessary. If white blood cell count was below 1000/µl or neutrophil count was less than 500/µl, thalidomide was discontinued. If any other grade 3 or higher hematological toxicity was observed, the drug was withheld. Thalidomide can be restarted at 50% of the original maintenance dose when non-hematologic toxicity is alleviated to grade 1 or when white blood cell count recovers to the pretreatment level. Plasma concentration of thalidomide Venous blood samples were collected in tubes containing EDTA and were centrifuged (2000g, 10 min) within 2 h after blood sampling and stored at −80°C until assayed. Plasma samples were analyzed within 1 week after sampling. The concentration of thalidomide was analyzed according to the HPLC method. 22) Chromatographic conditions were as follows: The HPLC unit (Shimadzu LC-VP) consisted of a photodiode-array detector set at 224 nm. Separation was performed at 40°C on a 5 µm ODS column (Shinmeiwa Chemical Industries, Tokyo, 150 mm×4.6 mm ID). The mobile phase consisted of (methanol/acetonitrile=4:1)/ water=28:72 and the flow rate was 1.5 ml/min. Methyl phydroxybenzoate dissolved in 1 N hydrochloric acid (HCl) was used as an internal standard. Plasma (500 ml) was combined with acidified methyl p-hydroxybenzoate and then extracted with 5 ml of chloroform. The separated chloroform layer was evaporated under reduced pressure and the samples were reconstituted with 100 µl of methanol. A calibration curve was constructed using thalidomide, based on the internal standard peak area ratio. The lower limit of detection was 0.1 µg/ml. According to our previous analyses, the pharmacokinetics of a single dose of 200 mg and 400 mg thalidomide in patients with multiple myeloma fitted a one-compartment model (Yamaguchi et al., data in preparation). The peak concentration appeared at 4-6 h, and the concentration stabilized during 10-14 h after each dose. Since thalidomide was given nightly to all patients, plasma concentration was determined using a plasma sample taken in the next morning at 12±2 h after the last thalidomide administration. Plasma samples in the fifth week of therapy were used for studying the correlation with effects and side effects. Plasma concentrations of growth factors Plasma samples were collected immediately after blood sampling as described in "Plasma concentration of thalidomide." Plasma concentrations of FGF-2, VEGF, hepatocyte growth factor (HGF), tumor necrosis factor-α (TNF-α) and interleukin 8 (IL-8) were determined using a sandwich enzyme-linked immunosorbent assay (ELISA) technique according to the manufacturer's instructions (R&D Research Corp., Minneapolis, MN). All time points were performed in triplicate and the absolute values in each ELISA plate were adjusted to a standard curve using FGF-2, VEGF, HGF and TNF-α recombinant protein as the control. The plasma concentrations of normal subjects for FGF-2 were 2.19±1.87 (1.0-7.67) pg/ml, for VEGF 17.7±5.4 (15.6-38.3) pg/ml and for TNF-α 3.71±2.02 (1.5-12.0) pg/ml. Those for HGF and IL-8 were all below 0.3 ng/ml and below 10 pg/ml, respectively. 16) In all patients, plasma concentrations were measured before and 4 weeks after the start of thalidomide. Additional sampling and measurement were conducted in several patients. Statistical analysis Improvement of anemia and difference of plasma concentrations of thalidomide between responders and non-responders were evaluated by means of the Mann-Whitney U test. Association between clinical characteristics and response to thalidomide was examined by the Fisher exact test and by the χ 2 test. Reduction of plasma concentrations of growth factors by thalidomide was evaluated by the Wilcoxon test. The software package Stat-View 5.0 (SAS Institute, Inc., Cary, NC) was used for statistical analysis. P values <0.05 were considered as statistically significant.
RESULTS
Anti-myeloma effect of thalidomide
The patients' profile and the effect of thalidomide are shown in Table I . All patients were in stage III, 23) and eleven cases had been treated with high-dose chemotherapy combined with hematopoietic stem cell transplantation, including two cases with allogeneic transplantation, prior to thalidomide treatment. Although none of the patients achieved a CR, ten out of twenty-four (42%) showed a PR3, more than 50% reduction of M-protein (PR2) was observed in eight cases (33%), and more than 75% reduction (PR1) was obtained in five (21%). NC or PD was observed in the other fourteen cases. Decrease of bone marrow plasma cells was also confirmed in six responders, suggesting that a reduction of M-protein level was induced by the antitumor effect of thalidomide, not simply inhibition of secretion of M-protein from myeloma cells. The time course of M-protein levels in responders is shown in Fig. 1 . A significant decrease of M-protein was seen within the first 4 weeks of thalidomide treatment in all responders. Thus, responsiveness to this drug can be evaluated after a 4-week observation period. At the time of writing, mean treatment time and mean duration of effect in responders were 33 and 24 weeks, respectively. Six responders relapsed during treatment with thalidomide and became resistant to this drug.
The daily dose of thalidomide given to each patient is also shown in Table I . Fourteen patients received 400 mg of thalidomide, and six showed more than 25% decrease of M-protein (Table I) . Although ten patients received a lower dose, 100 mg or 200 mg, because of adverse effects, four showed a more than 25% reduction of M-protein.
None of the clinical parameters including age, sex, anemia, β2M, serum calcium, C-reactive protein, immunoglobulin subtype and prior therapy with stem cell transplantation was significantly associated with the response to thalidomide. In this study, five patients possessed unfavorable cytogenetic abnormalities including deletion of chromosome 13 or 17 and aberration of 11q, and two of them showed good response. 24) These unfavorable cytogenetic alterations do not appear to predict a poor response to thalidomide.
Reductions in M-protein and bone marrow plasma cells were also associated with an increase in hemoglobin levels and recovery of normal immunoglobulin levels. Mean increase of hemoglobin concentration at 8 weeks of therapy was 1.4 g/dl in responders (range from 0 to 2.7 g/dl), which was significantly better than in non-responders (mean −0.44 g/dl, range from −2.8 to 1.7 g/dl, P=0.011 by Student's t test) ( Table I) . Suppression of normal γ-globulin level was also alleviated in four responders. HSCT, hematopoietic stem cell transplantation; NE, not evaluable; ND, not done; PR, partial response; NC, no change; PD, progression of disease. PR1, PR2 and PR3 indicate more than 75%, 50% and 25% reduction of serum or urine M-protein level, respectively. M-protein level of responders showed maximun reduction in responders and concentrations at cessation of therapy in non-responders. * showed daily urine M-protein level, g/day. Hemoglobin level after threatment was evaluated at 8 weeks of therapy otherwise indicated. Fig. 1 . Percent decrease of M-protein level over time in ten responders. + indicates that thalidomide treatment continued. * indicates relapsed cases. * * Although the M-protein level of this case was low, bone marrow plasma cells were significantly increased, and this case was considered to be relapsed.
Adverse effects of thalidomide Adverse effects observed during the treatment with thalidomide are summarized in Table II . There was no death due to the direct toxicity of thalidomide. Except for neutropenia, grade 2 toxicity was observed only in three patients as mild muscle weakness in two cases and skin rash in one, which were immediately In 26 patients, plasma samples were available from 20 cases, and the concentrations at 12±2 h after the last dose were examined. Only adverse effects observed in more than five cases are shown. improved by the transient cessation or dose reduction of thalidomide. The remaining adverse effects other than granulocytopenia were all grade 1 and well tolerated. Although hematologic toxicity has been reported as a rare adverse effect of thalidomide, severe neutropenia including six cases of grade 4, two cases of grade 3 and one case of grade 2 toxicity was unexpectedly observed in nine patients (Table II) . 17) G-CSF was used in seven cases, and the neutrophil counts readily recovered in four cases. However, in three cases, neutropenia progressed despite of the use of G-CSF when thalidomide was continued, and cessation of thalidomide was necessary for the recovery of neutrophil counts in these three cases. Progression of concomitant thrombocytopenia and anemia was observed in four cases. Other less frequent adverse effects, which are not described in Table II , include low-grade fever in three cases, finger tremor in three, mild elevation of liver transaminase in one, dyspnea in one, lymphocytopenia in one, depression in one and mild myalgia with elevation of serum creatinine phosphokinase (CPK) in one, and all were grade 1 toxicity.
Association of the occurrence of adverse effects with plasma concentrations of thalidomide at 12 h after the last administration was examined (Table II) . Plasma samples obtained in the fifth week of therapy were available in twenty patients, who were divided into two groups based on the plasma concentrations (≥2.0 µg/ml and <2.0 µg/ ml at 12 h after the last administration). As shown in Table II , somnolence was observed in most patients. Peripheral neuropathy and constipation and skin rash were observed predominantly in the higher concentration group. However, neutropenia developed regardless of plasma concentration of this drug. Plasma angiogenic growth factor level The relationship between efficacy of thalidomide and serial plasma concentrations of angiogenic growth factors was examined. As shown in Fig. 2A, FGF-2 and VEGF levels were frequently elevated before treatment. However, significant elevation of HGF and TNF-α before treatment was observed only in three and one cases, respectively ( Fig.  2A) . No significant elevation of IL-8 level was observed (data not shown). After treatment with thalidomide, the concentrations of these four growth factors become nearnormal in responders while plasma growth factor levels were still significantly elevated in most non-responders ( Fig. 2A) . The correlation of the reduction of FGF-2 and VEGF levels with clinical response was evaluated (Fig.  2B) . Non-parametric analysis demonstrated that VEGF was significantly decreased after thalidomide treatment in responders (P=0.025), but not in non-responders (P=0.37). Plasma concentrations of angiogenic growth factors at relapse were available in three responders, R3, R4 and R7. Plasma VEGF levels decreased with the effect of thalidomide, but increased at the time of recurrence of disease activity. Namely, VEGF levels in R3 were 250 pg/ ml before treatment, 55 pg/ml during response and 240 pg/ml at relapse. In R4, they were 110 pg/ml, 55 pg/ml and 90 pg/ml, respectively. In R7, they were 70 pg/ml, 30 pg/ml and 55 pg/ml, respectively.
DISCUSSION
MM is exclusively a fatal disease, and its progression can not be controlled by any conventional approach in terminal or therapy-resistant cases. A recent report on the use of thalidomide for MM indicated a significant decrease of M-protein level in 25-58% of refractory MMs. [17] [18] [19] [20] We administered 100-400 mg of thalidomide to twenty-six Japanese MMs including eleven post-transplant relapsed cases. Ten out of twenty-four evaluable patients (42%) showed a partial response to thalidomide, and six cases (33%) achieved more than 50% reduction of paraprotein level (Table I) . Efficacy of relatively low-dose thalidomide (100-400 mg per day) in our study is as good as that in other studies using much higher doses. A previous report also indicated efficacy of low-dose thalidomide against a certain population of refractory MM. 25) We have examined the plasma concentrations of thalidomide. However, no significant difference of plasma level of thalidomide between responders and non-responders was observed. Further studies with larger numbers of patients are needed to elucidate the relationship of efficacy with the dose. However, it should be noted that four cases, R6, R7, R8 and R10, showed an excellent response to low-dose thalidomide (100 mg or 200 mg), and the plasma concentrations of thalidomide were below 1.5 µg/ml. These results suggested that response to thalidomide is not simply determined by the plasma level of this drug, and the plasma concentration of this drug necessary for antitumor activity seems to be different in each patient, probably due to variation of the biological characteristics of the tumor cells.
Adverse effects were seen in all patients. Those adverse effects, except for neutropenia, were well tolerated. In this study, we monitored the plasma concentrations of thalidomide and the frequency of adverse effects (Table II) . As described in "Results," peripheral neuropathy, skin rash and constipation were more frequent in the higher plasma concentration group. We also experienced neutropenia, including six cases of grade 4 toxicity, which has not been emphasized as an important side effect in previous reports. [17] [18] [19] [20] Unlike other side effects, neutropenia was observed frequently in the patients receiving only 100-200 mg, in whom the plasma concentration of this drug were lower. These patients showed significantly lower platelet counts before treatment than the cases without neutropenia, probably due to deterioration of normal hematopoiesis by previous intensive therapy or by prolif-eration of myeloma cells in the bone marrow (Hattori et al., submitted). Our observations also showed that thalidomide inhibited the growth of colony-forming cells of normal individuals (Hattori et al., submitted) . In addition, pancytopenia occurred in four cases. Thus, reduced function of bone marrow hematopoiesis is an important predisposing factor for neutropenia, and therefore, special precautions such as transient cessation of this drug or combined use of G-CSF are necessary for those patients. Neutropenia was observed in five responders and in two non-responders. In two other patients, response to thalidomide could not be evaluated because this drug was discontinued within 1 week due to sudden progression of neutropenia. Thus, association of this side effect with response to thalidomide is not clear. Recently, deep venous thrombosis was reported during thalidomide treatment. 26) However, this adverse effect was not observed in our study.
The exact role of anti-myeloma effects of thalidomide is not known. We and others have observed that addition of therapeutic concentrations of thalidomide to the culture medium did not significantly inhibit the growth of myeloma cell lines or primary bone marrow myeloma cells.
27) It was also reported that a synthetic thalidomide analogue induced apoptosis directly in myeloma cells. 27) This suggests that unknown natural metabolites of thalidomide may exert a direct cytopathic effect on myeloma cells. On the other hand, our data indicated that thalidomide reduced plasma concentrations of angiogenic growth factors. As shown in Fig. 1A , the patients with MM frequently showed elevation of plasma concentrations of a series of growth factors. Previously we also reported that elevated plasma concentrations of FGF-2 and VEGF were observed in 55% of myeloma patients, and correlated with disease activity. 16) This growth factor paradigm may play an important role in the progression of myeloma cells, and reduction of plasma concentration of growth factors by thalidomide may induce tumor regression. Our results indicate that plasma VEGF level may correlate with clinical response to thalidomide in responders (Fig. 2, B and  C) . Recently, it was reported that a high plasma FGF-2 level was associated with response to thalidomide. 28) In our study, however, this tendency was not observed. Since VEGF is a potent angiogenic growth factor, bone marrow microvascular density was also evaluated before and after thalidomide treatment. However, our observation showed that the decrease of microvascular density after the treatment with thalidomide was not significant even in responders (Du et al., data in preparation), and we failed to obtain clear evidence for an anti-angiogenic effect of thalidomide in MM, although such an effect was described in another study. 16) Further study is needed to elucidate the biological significance of reduction of growth factor level by thalidomide.
In summary, we demonstrated the clinical efficacy of thalidomide for the treatment of refractory multiple myeloma. However, special care is needed to identify adverse effects, including severe granulocytopenia. We suggested that the reduction of plasma concentrations of angiogenic growth factors, especially VEGF, correlates with the clinical response to thalidomide.
